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Introduction

This report will summarize all reseach activity
supported in whole or in part by grant NGL 40-002-C42,
Properties and Application of Solid State Materials at
Sub-Millimeter Frequencies, during the entire grant period,
November 1966 througn June 1973. This research is sub-
divide: ‘nto five major areas: early far infrared Fourier
spectroscopy; studies of the antiferromagneti. resonance line
in MnF; at millimeter wavelengths; numerical solution of the
equations of motion of a general two-sublattice antiferromagnet;
later Fourier spectroscopy: study of antiferromagnetic
resonance line in NiO powder, resonance investigations of
several indium thisospinels at millimeter wavelengths.

1. Early Far-Infrared Fcurier Spectroscopy

Much of the early work carried out under this grant was
concerned with the installation of a commercial far-infrared
Fourier spectrometer system and subsequent modifications to
increase its capabilities. After this work was completed
(roughly 18 months into the gran% period), the system could
provide both transmission and reflec+ion spectra of better
than 1 cm~! resolution in the region 10 to 500 cm™l. The
system employed a cooled germanium bolometer and required
the use of a large digital computer to Fourier transform

the ~aw data.
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This system was replaced in 1971 with a state-of-the-
art Fourier spectrometer which outperforms the original system
by a wide margin (see Section 4); however, some useful
information was obtained from the original system. Its cperation
was checked by observing known antiferromagnetic absorpticn
lines in NiO and MnF2, and previously unobserved spectra were
obtained for NiCl, and the spinels NiFe;0,4, MnCr,04,

MnCr,S4, CoCrySy, FeCrySy.

These latter compounds have either antiferromagnetic or
ferrimagnetic properties, but did not exhibit exchange resonances
in the far infrared. If present at all, these lines were
masked by numerous vibrational modes. The strength of these
azsorpticns probably precludes the use of these materials in

transmission-type submillimeter devices.

2. Antiferromagnetic Resonance in MnF, at Millimeter Wavelengths

A detailed experimental and theoretical study of the
antiferromagnetic resonance (ifmr) linewidth in MnF, has been

carried out.
Experimental investigaticons included studies of the shape,

size, and frequency dependenze of the millimeter wave afmr

ia MnF, at 4.2 K with frequerncies ranging from 140 to 305 GHz
and magnetic field applied along the symmetry axis. A study

of various sample configurations showed that the clearest
resonancs effects were observed for the case of a very thin
sample which filled the crc.s~section of the waveguide. From
both reflection and transmiss‘on measurements it was found that
the sample thickness should be less than about )\0/561/2 in order

that propa-, tion effe-ts be minimized.



Expereimental measurements of transmission through
slabs of MnF,; show that the results uo not depend on whether
the magnetic field (applied along the symmetry axis) is
parallel on perpendicular to the propagation direction.
Except at frequencies very far removed (50%) from the zero-
field resonance frequency, the linewidth was found to be
independent of frequency.

Theoretical investigations include computerized
calculation of the r.f. susceptibilities of MnF, based on
the usual phenomenological molecular field theory. In addition,
solutions were obtained for propagation through a slab of
saturated, uniaxial magnetic material of both a plane wave
with longitudinal applied magnetic field and for the actual
modes in a waveguide with transverse magnetic field. These
analyses were then combined with the calculated susceptibilities
to yield computer~generated curves of the reflection from and
transmission through an MnF2 single crystal as a function of
both frequency and magnetic field.

The results of these calculations, when compared with
experimental data, show that the linzshape, linewidth, and
amount of absorption can be desciribed accurately, within
experimental error, by é molecular field based calculation
of the susceptibilities with a single adjustable parameter
describing relaxation effects. The waveguide analysis gives
much better agreement with experimental results than does
the commonly used plane-wave analysis, especially with regard

to the amount of absorption.



The combined results of these experimental and theoretical
studies lead to the following conclurcions. The observed
linewidth is describable by combined relaxation and dispersion
effects and is not due to chemical or physical imperiections
in the sample studied. A further conclusion is that previously
reported values of afmr linewidths overestimate the intrinsic
or relaxation width by at least a factor of two because of
dispersion effects in thick samples. For the same reason
previous descriptions of the temperature dependence of the
linewidth are probably also in error.

The effect of grain misorientation has also been studied.
Such miscorientation can cause either multiple resonances or
line broadening or both. Further, it has been shown that
dispersion effects can lead to very significant errors in
linewidth measurements made at or very near (within a few
percent of) the zero-field resonance frequency.

The general technique Lsed could also be employed in the
analysis of experimental results obtained in studies of other
types of materials, e.g., ferrites and paramagnets.

These results are further described in three publications
which are aprended to this report.

3. Numer.cal Solution of the Egquations of Motion of a General

Two-Sublattice Antiferromagnet

A general method has been developed for obtaining the
solutiong to the two-sublattice antiferromagnet equations of
motion with arbitrary anisotropy and applied magnetic field.
The equilibrium positions of the sublattice magnetizations
were found by minimizirg the free energy of the systrm. The

equations of motion were then linearized about these equilibrium



positions and were solved for resonant frequencies and

natural modes. From these the susceptibility tensor for a
single crystal was found. This tensor was then averaged

over all applied field directions for a material with easy
plane anisotropy, yielding the susceptibility tensor for an
easy plane material in powdered or polycrystalline form.

Such a material was shown to be highly anisotropic but very
nearly reciprocal. The cub.c anisotropy case was also
examined, and the results obtained were compared with

existing theoretical and experimental results of other
investigators. The computer calculations agree well with

the existing data and reveal more information about the resonant
modes; i.e. linear or elliptical polarization of the mode, its
orientation in space, arnd its dependence on the parameters

descibing the energy.

4. Antiferromagnetic Resonance in Ni0O Powder

Antiferromagnetic resonance was observed in NiO single
crystals by several investigators in the early 1960's; e.qg.
Kondoh (1960) and Sievers and Tinkham (1963). A number of
other investigators have reported on the difficulty of obtaining
NiO crystals of high purity and low defect concentration. It
therefore seemed advisable to attempt to observe the anti-
ferromagnetic resonance in powdered NiO which is commercially
available in high purity. This was done during the early
part of this grant period using the Fourier spectrometer
described in Section 1, but the attempt was unsuccessful.

This study was reopened in late 1971 after our laboratory



obtained (from funds other than those provided by this grant)

a Digilab FTS-14 Fourier spectrometer. This state-of-the-art
instrument includes a minicomputer which Fourier transforms

the raw data immediately after they are obtained and controls
the collection and display of data and spectra. Using the
maximum instrument resolution of 0.4 cm~l , the resonance line
was obsery2d quite clearly in powdered Ni1O. Subsequently, the
temperature dependence of the location of the resonance line
was studied. Results obtained agreed well with earlier single
crystal data, and the temperature range over which resonance
was observed was extended from 430°K to 470°K using Fourier
techniques. This range was further extended up to very near
the Neél temperature of 523°K using coherent millimeter wave
energy and microwave techniques. The millimeter rescnance data
provided a direct, independent determination of the Ne&l temperature
which is in agreement with that reported by other researchers
who measured specific heat and lattice dilation as functions of
temperature.

The powder resonance data can be fitted over the entire
range of temperature T from 0°K to 523°K with a Brillouin
function for S = 1 and Neél temperature Tp of 523°K to the 0.6
power. Near the Neél point, the resonant frequency varies as
(T - T)z, indicating that the out of plane anisotropy constant

varies as (Tp, - T) near the Nedl point.

5. Resonance Investigations of Several Indium Thiospinels at

Millimeter Wavelengths

Studies of the magnetic susceptibilities of the Thiospinels



MInyS, ( = Mn, Ni, Fe, Co) and MnInCrS4 have demonstrated the
presence of antiferromagnetic interactions in these compounds.
It was therefore felt that magnetic resonance studies might
yield useful information about these materials. All of them
have been so studied in powdered form with frequencies ranging
fron 8 to 70 GHz and magnetic field intensities ranging from
zero field to about 25 KOe. A variety of microwave spectro-
meters have been employed - some with cavities, some without.
The existing susceptibility data for MnInCrS, show a
fairly well defined peak at 13°K, indicating a transition to
the antiferrcmagnetic state. The susceptibility data for
the other materials are inconclusive ir that very few points
were taken at low temperatures and the applied field may
have been too high to allow parallel susceptibilities to be
observed. The resonance data indicate the following: (a)
MnIn,S, and MnInCrS, are strongly paramagnetic with g factors
very close to 2 which are with experimental error, temperature
independent from room temperature to below 77°K; (b) the
resonance field decreases smoothly as temperature is lowered
below about 40°K and 20°K for MnInCrS, and MnIn,S4, respectively,
indicating the presence of magnetic phase transitions; (c)
the dependence of resonént frequency on applied field intensity
for both of these materials is nearly the same as that for an
easy plane antifercromagnet; (4) MnIn,S,; exhibits a zero field
resonance at 10GHz when frequency is swept. There is strong
evidence that MnInCrS, exhibits a zero field resonance neaxr
15GHz, and experiments underway at present will locate this
frequency more accurately if it is indeed observed as frequency

is swept; (e) MIn 84 (M = Ni, Fe, Co) have exhibited no

2



resonance whatsoever - even when a high sensitivity EPR

spectrometer was employed.

Publications describing the work of this and the previous
section are in preparation. Preprints will be forwarded as
soon as they are available and are intended to be appended to
this report.

Three students have received Ph.D. degress under this
program, and two others have received Sc.M. degrees and will
shortly be receiving Ph.D. degrees. A list of publicaticns
arising from this program follows. These are or are intended
to be appended to this report.

1. O'Brien, Kevin C., "Effects of Size, Sha»e, and Frequency
of the Antiferromagnetic Resonance Linewidth in MnF,,"

J. Appl. Phys. 41,3713 (1970).

2, O'Brien, Kevin C., "Microwave Properties of Slabs of
Uniformly Magnetized Material Filling the Cross Section of

a Rectangular Waveguide Operating in TE o Modes," IEEE Trans.
MTT-18, 377 (1970).

3. O'Brien, Kevin C., "Microwave Properties of a Rectangular —.
Waveguide Semi-Infinitely Filled with Magnetic Material,"

IEEE Trans. MTT, MTT-18,400 (1970).

4. Chen, C. H., DeMeo, E. A., Wold, A., Heller, G. S.,
"Antiferromagnetic Resonance in Powdered NiO," to be published.
5. Hsu, C. I., DeMeo, E. A., Wold, A., Heller, G. S.,
"Magnetic Resonance Investigation of Several Indium Thiospinels,"

to ba published.
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Effects of Size, Shape, and Frequency on the Antiferromagnetic
Resonance Linewidth of MnF.*
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Plysics Department, Brown University, Providence, Rhode Island 02912
{Received 19 November 1969; in final form 12 March 1970)

Experimental measurements of the antiferromagnetic resonance in MnF; at 4.2°K have been made as
a function of microwave frequency and sample size and shape. Measarement fiequencies ranged from
100 to 303 GHz. The experimantal data have been analyzed with the aid of a newly derived electrodynamic
treatment of the experimental arrangement combined with u molecular field thecretic calculation of the
of permeability tensor for MnF:. Agreement between experiment and theory is good using only a one-
parameter fit. It was found that the linewidth is not strongly irequency dependent in very good samples
[ exzept at frequencies very near to or very far from the zero-field resonance frequency. The effect of sample
| size on observed linewidth is very significant. A value of 90 Oe is given for the residual size-independent

linewidtk. Experimental aspects are emphasized due to the extremely high frequencies employed.

L INTRCDUCTION B. Spectrometer

Measurements of the antiferromagnetic resonance A millimeter wave spectrometer was designed and

AFMR) in MnF; by Johnson and Nethercot! ard in  constructed. Due to the fact that AFM’s uave a high
+ CR.O: by Foner® have shown a large temperature- spin density, AFMR absorption is sufficiently l.rge
rdependent linewidth at low temperatures. that a microwave cavity need not be used.” The spec-

This anomalous behavior led the author t~ investi- trometer (diagrammed in Fig. 1) was designed for
wst~ those extrinsic factors which might aiffect the both transmission and reflection measurements at fre-
seasured value of the linewidth. AFMR measurements  quencies ranging from 50 GHz to the highest frequency
sere made on MnF, single crystals at .2°K as a func- at which adequate microwave power was available
*ion of frequency, sample size and shape. (305 GHz).

In order 1o understand more cle+rly the frequency and Several klvstrons we:e used. Their output frequencies
<ze effects wl-h occur, a careful theoretical treatment ranged from 50 to 102 GHz with: typically 30-mW cw
i the experimental situation was carried out. The power. The klvstron reflector voltages were modulated
~wlecular field approximation®* was used to obtain the at 1-4 kHz. Oversized waveguide (RG98) was usad
i permeability tensor for a uniaxial AFM at 0°K. An  wherever possible to reduce transmission losses® A
~act selution was then obtained for the propagation 60-kOe 1-in.-bore Linde superconducting solenoid pro-
! TEyo mode microwaves in a rectangular waveguide duced the required dc magnetic fields.
rough a slab of transversely magnetized, magnetically - .
sootropic material which completely fills the wave- C. Harmonic Generator

B 3 cross _sgc'uon."l'he f:ombination of the cqmputed The capability of performing measurements above
n -uszeptibilities with this exact electrodynamic treat-

( 100 GHz depends critically on the harmonic generator.
; ;" M enables one to carefully analyze experimental The harmonic generator used in these experiments was
e designed and built by Rodgere.? It is of the cross-guide
type, employing a tungsien cat’s whisker to semi-
conductor junction as the nonlinear element. Th« con-

" AFMR measurements were made on a variety of
t.ples of MnF; at frequencies ranging from 100 to

i* tHz at 4.2°K, dition of the -vhisker point and crystal surface are
critical for good operation. Several types of crystals

iI. EXPERIMENTAL CONSIDERATIONS were tried. Best operation was cbtained with an n-type
A. Samples silicon crystal with a high-resistivity epitaxial layer and

a bonded nickel contact backing. The operation of such
Manganese difluoride was chosen as the material to  a point-contact diode depends critically on the pressure
# -"ulicd because it comes very close to having the of the junction contact. For best performance, such a
> . two-sublattice uniaxial AFM array of spins. MnF, junction, when uscd 48 a harmonic generator, requires
_n*Tcrs the advan:ages of heing readily available in a somewhat higher contact pressure than when it is
¥ Jorm of high-purity good-quality single crystals, used as a detector. '
¥ "wrmore, its Néel temperature (67°K) is sutliciently
¥ lac at liquid-helium temperature (4.2°K) its D. Detector
~ 'l properties are close to those at absolute zero, Several types of detectors were tried at the highest

[
.t‘

X : i’s'ajs were grown and oriented by Semi-elements, frequencies where the signul levels were very ow.
§ g These included fixed-contact crystal diodes, hot-wire
g 313
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bolometers, a germanium bolometer, a Golay cell, and a
“run-in” crystal detector' similar in design and method
of operation to the harmonic generator. In overall
sig al to noise the run-in point-contact diode proved
" best at the highest frequencies. Due to low-frequency
(<1 kHz) “ystron and harmonic generator noise, the
. germanium bolometer and Golay cell, aithough thev
are intrinsically very sensitive, were not as effective
18 the run-in detector because they require low (20 Hz)
modulation,

It should be pointed out that the cat’s whisker-
silicon diode, with proper cortact, showed no degrada-
tion in sensitivity with increasing frequency, e\ .n above
300 GHz. Indeed, similar diodes have been used success-
fully at 10.6 u.» Fixed contact, commercially made
detectors do show a clear drop in sensitivity with
increasing frequency.

Estimated power levels at the detector end of the
spectrometer were 104 W or less, The minimum detect-
able power of the run-in detector was 10-10-10-1 W,
Typical output of the detector was 2uV with 300-nV
noise voltage in a 1-Hz bandwidth, Figure 2 shows a
typical good experimental trace of transmission through
a 0.0023-in, slab filling the waveguide cross section,

E. Experimental Esrors

The experimental error in these measurements was
#415% on both the width and winount of absorption,
These errors resulted primarily from internal reflection
phenomena in the waveguide apparatus, from the low
signal-to-noise ratio, from uncertainty in the sample
thizkness and from the difficulty of fitting the sample
exactly into the waveguice cross section,

III. RESULTS

A. Experimental Results

The AFMR in MnF; was measured at frequencies
ranging from 100 to 305 GHz at 4.2°K. Various arrange-
ments of the sample in the waveguide were tried. Best
experimental results were obtained for very thin plates
which filled the cross section of the waveguide (Fig. 2 .
Other sample configurations give results which are very
difficult to interpret. Samples much thicker than ¢.00.
in, showed strong dispersion effects and often guve
severe reflection phenomena in association with the

100 % .
w0 | M
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&

20 — N i N . A .
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Fio. 2. Typical experimental trace, Frequency is 250 G ™
B o kness s 00035 i
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waveguide components leading tu standing waves. Due
to :he fragility and deliquescence of MnF, crystals,
preparation of samples less than 0.002-in. thick is very
difficult. Typica! measured transmission linewidths'
were 120-166 Oe for a 0.0025-in. sample (see below).
In the best crystals the linewidths were nearly independ-
ent of frequency except at very high fields a 1 at fre-
guencies very near the zero-field resonance frequency.
The shape of the resonance was ciearly asymmetric, as
reported by Johnson and Nethercot.!

The enerzy refl.cted from the sample exhibits reso-
nant behavior (Fig. 3). The reflccted line is asymmetric
slso, but has the opposite asymmetry from the trans-
mitted line. The minima of the reflected and transmitted
tnes may occur at slightly different values of the applied
field. Measurements at high applied magnetic fields
-howed increased linewidth, This eflect is almost
certainly due to small amounts of grain misorientation in
the crystals$ It suggests that high magnetic field
resonance measurements should be made only on
citremely good crystals. At frequencies very near the
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» 4. Anumalous broadening observed at frequency slightly
‘e zero-field resonsnce frequency. Thickness is 0.0028 in.

.

RELATIVE FELD {OERSTEDS)

zero-field resonance frequency, however, very strong
asymmetries were observed (Fig. 4). This effect is
predicted by the theory and is due to a combination of
dispersive effects and the overlap of the resonance on
the other branch. A resonance measurement taken
exacily at zero field will be substantialy broadened
compared to one taken at some significant applied field,
although this field may be small compared 10 the critical
fela.

Experimental data taken in the course of this experi-
ment show that the resonance iinewidth is a strong
function of the sample thickness. This effect was very
difficult to measure quantitatively because of the
difficulties in sample preparation and because of the
fact that compl=x propagation effects were observed in
measurements on thicker samples. The thick samples,
in conjun.tion with waveguide component disconti-
nuities, produced standing waves in the spectrometer.

03
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F1o. 5. Comparison of experimental dsia with plane wave
H)ﬁzroximntion and exact waveguide solution. Frequency is 250
. Thickiress is 0.0025 in.
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It was clear nonetheless that thick samples (0.005-
0.010 in.) showed linewidths a factor of two or more
g-eater than those seen in 0.002-in. samples.

B. Theoretical Results

In order to verify the usefulness of the exact electro-
dynamic waveguide solution described above, a similar
calculation was performea in a plane wave approxima-
tion.¥ In Fig. 5 experimental results are compared with
theoretical predictions of the plane wave approxim ition
and of the exact waveguide so.ation. In both cases, the
width is an edjustable parameter but the shape and
magnitude come directly from the theory. Only one
adjustabl: parameter is used, a parameter describing
simple Gilbert damping.* The resuits of the plane wave
calculation do not compare well with experimental data
quantitatively, even though qualitatively they do give
the shape of the .esonance fairly well. Although it
would not be difficult 1o adjust the magnitude of the
plane wave results so that the fit with experimental
data would be better; to do so serves no useful purpose.
(If the magnitude were increased, the relaxation w dth
loss parameter would have to be decreased.)

The lack of agreement between exveriment and the

piane wave calculation might seem surprising since an
oversized waveguide was used. The waveguide was,
however, not so far oversized tha* pline waves at normal
incidence are a good representation of the actual modes
especially inside the magnetic medium.

On the other hand it is clear that the results of the
waveguide solution (Fig. 5) fit the experimental data
quite well both with respect to shape and magnitude.
The experimental curve shown is the average of several

1o 150 200

runs. The theoretical results clearly reflect both th
change in the direction of the asymmetry wi:h branin
and the larger asymmetry found near the zerc-fiv'!
resonance.

Figure S shows a measured transr’sion width
150 Oe. On the low-field (narro~ s the line, the
half-width is app-oximately 3 1 the high-ueh!
(wide) side of the Jine the hal” w :th is approximate.:
100 Oe. Figure 6 indicates the reiation between the
real or dispersive part of the susceptibility and the
high-field broadening of the line. Calculations show tn.:
an ircre..e in sample thickness affects the high-iicii
(wide) side much more than the low-field side. ihu:
indicating that this thickness broadening is primuriis
dispersive in nature and is not due to a simple saturation
effect.

The agreenent between theory und experiment is not
as good on the wings of the resonance as it is near the
center. This is to be expected since dispersion is mos:
important on the wings and would be very sensitive i
any nonparallelism or irregularities in the sample shape

C. Effect of Sample Thickaess vn Linewidth

As described in above, thick samples showed sub-
stantially greater linewidths than did tnin sampic-.
Theoretical calculations (shown in Fig, 7) indicate 17
the observed linewidth depends very strongly on tic
sample thizkness. Furthermore this broadening .-
seen to be primarily dispersive in origin rather than
caused by a saturation effect. Earlier measurements v
MnFs* ~ere made vn samples whose thickness was nu.tr
to \/4(¢)'? (Ao is the free-space wavelength and ¢ is 1~
dielectric constant.) Those experiments gave linewidi.'>
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rear to 300 Oe. The present measurements on samples
roughly M\o-8(e)!* gave linewidths of ubout 150 Oe.
Extrapolation of these data by means of current the-
nretical treatment leads to the conclusion that extremely
thin samples, say Ao 20(€)'? thick or less would show a
width of about 90 Oe. This valuz of 90 Oe is consistent
with the theoretical-to-experimental fit shown in Fig. 5.
It is clear therefore that AFMR linewidth measurements
made on thick samples will yield data which may be
Yighly inaccurare unless this size effect is taken into
account
Fven this 90-Oe width is substantially larger than
that predicted by spin wave relaxation processes
t~10e)  and so might be expected to be due to some
inhomoyeneities. On the other hand, although a simple
wolecular field theorctic relaxation process was used
the experimentai data fits the theory well under o
variety of circumstances. The residual width did not
vary significantly from sample to sample. I would thus
kesita- : to conclude that the residuai width is not die
i io relasalion processes without a careful study of the
© temperature dependence of the width. Reports of the
£ temperature dependence of the linewidth of both MnF4
E ard CrfO:* show that the linewidth is independent of
temperature at low temperatures. This is not to be
E cxpected on theoretical grounls™ since the thermal
B lisor ‘ering of the magnetic system would presumably
¥ increase ihe variation in effective fields through the
¢ -ample. In light of the size effect discussed above, it is
g ikeiy that what was observed in those experiments was
¥ - dispersion width which was independent of tempera-
. ure. Only when the intrinsic width increased with
i ¢mperature to the point where it exceeded the disper-
ion width was a temperature variation observed.

-
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Accurate experimental values of the temperature de-
pendence of the linewidth in these materiils must await
experimental measurements on very thin samples.
These measurements must be combined with a theo-
retical analysis based on both temperature dependent
values of the rf susceptibility and an accurate electro-
dynamic treatment such as used here. Such measure-
ments are now being planned.

IV. CONCLUSIONS

By combining measuremenis of the effects of fre-
quency, sample size and shape for the AFMR linewidth
of MnF; with a careful, complete calculation of the
microwave propagation problem it has been found that
resonance measurements made on sampies thicker than
A/107€)1" will show strong dispersive broadening. This
broadening can be accounted for by a careful calcula-
tion. A residual width of 90-130 Oe is fo'ind. This width
is probably not due to crystalline imperfections since it
has been observed in several samples. This residual
width is nearly independent of frequency. Theoretical
explanations of the source of this width must await
further investigations especially of its temperature
dependence.
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Microwave Froperties ~f 2 Rec-
tangular Waveguide $-~mi-
Infinitely Filled with

Magnetic Material

Abstract—An infinite, lossless, rectan-
gular waveguide semi-infinitely filled with a
transversely magnetized maganetic material
is discussed. With the limitation that only
TE., modes are incident, an analytic solu-
tion for the transmitted and reflected ener-
gies is presented. Numerical computations
near resonance are presented both for a
ferrite and 2n easy-axis antiferromagnet.

Many micruwave measurements and de-
vices using magnetic materials require an
analysis of wave propagation in partially
filled waveguides. (General treatments and
references to this whole area are prescuted
in [1} and |2]). Many authors have treated
such problems. Of special importance is the
work of Seavey and Tannenwald (3
Epstein [+], and Rosenbaum [5). Only a
limited class of problems in this area can be
sreaced analytically {1!. This correspondence
presents such an analytic treatmem for a
rectangulir wavegu'de semi-infinitely .illed
with transversely magnetized material. Al-
though semi-infinite filled waveguides have
little practical application, it may be an ac-
ceptable approximation tn some physical
cases and the techniques used here i be
extended to wavaynides filled over a finite
length. The problem of propagation in a
semi-infinitely filled coaxial line has been
«reated by Brodwin and Miiler [6] using the
same approach.

in this correspcadence, the TE., modes
in en.pty ard filled waveguide are matched
at a plane bouadary. A yeneral matrix
equation is derived. An appresimate numer-
ical inversion of this matrix equation is per-
formed for the cases of a simple {erromagnet

Manut'ript receivec day [, 1967, revised October
13, 1969. This worx was pertormed under NASA
Grant NGR.40.002.04..

and for a uriaxial antiferromagnet in the
vicinity of the resonance.

Specifically we shall consider the problem
of an infirite, lossless, rectangular wave-
guide of ‘rating only in TE., moaes wh.ch
is semi-infinitely filied with magnetic ma-
terial. The material is taken to be uniformly
magnetized by a dc magnetic field applied
normal to the broad wali of the waveguide
(y direction). The boundary {at £=0) be-
tween the empty and filled regioas is taken
tc be a plane normal to the prupagation
{z) direction. Even if cnly one TE., mode is
incident, we must assume that all TE,,
modes are generated at the interface if we
are to satisfy the boundary conditions.

The TE., modes of amplitude A, in an
empty wavegaide of wiac dimension ¢ and
narrow dimension a/2 con be written, as-
suming 2xp(jw!; time dependence {7). (The
z components do not 2nter into the soluvtion
and are thus not written down.)

er =gt =0 .

¢,* = 4, sin (#9) exp (F jBaz

=0

I = F (Bafwpe) Au sin (wo) exp (F j8.8)
where

b))

Ba? = whigey — (nx/a)?
- v myx/fa.

@

The response of a magnetic material to
RF magnetic fields must be described by a
tensor permeability which in the present
circum:tance is taken to have the Polder
form

1t+x ~jx O
v=14+x=1 0 1 0.
jx 0 1s5x
Using @ in Maxwell’s equations one finds for
the TE,, modes in a filled waveguide [i}-[3]
er=er=(
& = A, sin (n0) exp (F jryas)
k0 @
hy* = [Fyads & (10)
- tAwn cos (w)] exp (F jya2)

where
1 g o, )t
Ya® == Wiugtpety — | —
$ = Vopauess
¢ = (x/o)(x/u)t
nmltx
sart = (u* — N/n

It 1s necussary to consider three inde-
pendent waves. incident, reflected. un
transmitied. The incident waveis, ot course,
known «nd the transmitted wave is essen-
tially immeasurable so we calculaie oniv the
reflected prwer. Of particular interest 1s the
reflected power as the magnetic material
passes through resos.ance.

The relevant bounda. 5 condit'crn. are
that the tangential electric and magunetic
fields be continuous across t.e boundary
between the empgy and filled regions. Thus,
atz=0

Gne t it ™ Cuns (5a)
Rone 4 kati = Hirns t3b)

We consider the general case of the i--
cident wave being made up of all TE.,
modes; the reflected and transmitted waves
would contain all TE,.. medes even if the
incident wave did not. The incident, re-
flected, and transmitted electric and mag-
retic fields can be written, with amplitudes
I., Ry, and T, respectively,

e,) = 3 I, sin (r) exp (—jBes)
it = — 3 g1, sin (r0) exp (—j8,2)

of = — X R, sin (gx) exp 143,

Bt = = X g Rysin () exp (458,) O
1
of = 2 Tysin (qr) exp (—jvqz)
9
hT = 2 Tc[ﬁc sin (gv) + &g cos {;7)}
[ ]

-exp (—fve2)
where

£n = Bu/wpe.
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There is no boundary condition on the &,’s
so they do not enter into the equations. Jf
we place (6) into (5a) and (5b) and operate
on all equations with

@/e) f. dc sin (m), )
we obtain
fi-Re=Ta (8a)
—gala — guRe = — {nTa
-3 M.T, (8))
where

M= 2/0) f. " &+ sin (xz) cos (qr)

=0, s=g
= 2/m)1 — (= N*e]ng/(x* ~ ¢,
sg

For the sake of mathematwal convenience
we eliminate the R,’s from (8a) and (b).
Then we have a :2t of equations to be solved
for the T.'s, =12, - - - N, where N is tn
be chosen by a process of trial and error.
(See below for significance of choosing dif-
ferent values of N.)

Ydufs= I'I [30ae + (o + Lrodbas/EIT (10)

)

This has the general form of the matrx
equ..” ca

b= (M+ D) (1)

where b is the input vector, D is a diagonal
matrix, and { is the vector of transmission
amplituoes. The antisymmetric matrix M
does not converge, rather the element
M, on increases without bound as = in-
crcases. Nonetheless, in practice inversion of
(10) is possible for any desired .N. Note
that M is singular for N odd so that this
case should be avoided since D has complex
behavior near resonance.

It is now required to calculate the RF
susceptibilities of the magnetic material to
be considered. \We shall treat two cases: a
simple ferromagnetic insulator® and an
easy-axis antiferromagnet, including loss
for each case. The susc:pnblht) calculation
for the ierromagnet is straightforward [10].
We employ the Gilbert? form of introducing
loss into the equations of motion, and find
for the element of the permeability tensor

x=*+x)/2
c=x*—x7)/2
xt . ty.

(w/v) £ (He ;A8/2)
where A, is the b .1k magnetization and AH
is the resonance linewidth. The resonant
condition is w=vH, where y=2.8 MHz/ce.
For an antiferromagnet the susceptibility

calculation is somewhat more complicated
{11]. \We consider the simple case cf an easy-

(12)

§ Anicotrupy and demagnetizing effects are not
included for 22a-0ns of ")mglk"!) Any desited forms
of the «uwentibility could be ured

3 The Gilbert form |8} is ano:her, but convenient,
form of Landau-Lifschitz damping. See [9] for 8 good
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axis antiferromagnet with the easy axis
aligned with the applied field. Following the
technique of Heller et ol. [12], we find

=

—2K(14+7A0/H) (/v H)t~BA+jAHH.)

I, =3,,;, that is only a TE;s mode incident,
we find that virtaally all the reflected and
transmitted energy is contained in the TE;s

(13)

where (12) still b~'4< and K is the aniso-
tropy constant. The resonant condition is
w=y{H.+ Hy) where H, depends on the
material 20 be considered. We shall treat
MnF; at 0°K where H, =93 k-oe. Note tha®
there- are two branches of the resonance.
Thus, for a given applied field, rescnance
occurs at two frequencies wwy(H,+Hy)
(upper branch) and w=vy(H,~H,) (ower
branch).

Inserting the appropriate values of x, «,
and I, into (10), we can obtain the solution
for any desired number of modes. After
sotving for the T,'s, (8a) easily yiids the
Ra's. As mentioned before Af does rct con-
verge, but upon solving (10) for the case

(/v HO B2 +(AHPHS

modes. The energy contained in modes
higher than the incident mode is nonzero
but of insignificant magnitude. The calcu-
lation was carried out on a computer for the
first four and for the first ten modes. No
significant differences were observed for the
two cases.

Fig. 1 shows the reflected power for t'e
ferromagnetic case and Fig. 2 for the anti-
ferromagnetic case.

Similar, akhough more complicated,
techniques may be applied to the probiem of
a finite layer of magnetic material Ailling the
cams section of the waveguide and other
similar problems. The results of these
ana. yses will be presented ina later paper [13].
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Design Tables for a Class of
Optimum Microwave
Bandstop Filters

Abstrect—Element vatue tables for op-
timem x.icrowave bandstop filters consisting
of quarter-wave spaced shunt open-circuited
stubs are given. Both the stubs and the con-
secting unmit elements contribute to the
attenuation response. The tables give ele-
ment values for 0.01 4B, 0.10 dB, and 0.25
dB ripple Chebyshev designs with up to
twenty-three elements, and for bandwidths
betwesn 30 percent and 150 percent.

An important class of microwave band-
stop filters (often used as pseudo fow-pass
filters) that can be realized using stripline
structures is shown in Fig. 1. Several
authors {1}-[4] have given exact design
procedures for filters of this form. Thece
design procedures start with the transmis-
sion line equivalent »f the low-pass filter of
my order (where m is the number of L-C
stub-type elements) in tandem with m—1
unit elements of the same characteristic

Manuscript received September 17, 1969, re.
vised Jauuu;‘ 23, 1970.
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impedance as the load, and then utilize
Kuroda's identities to obtain the desired
network of Fig. 1. With the above design
method the unit elements are redundant,
and their filtering properties are not utilized.

Several authers [S]. [6] have given the
procedure for constructing optimum inser-

In this correspondence tables of not-
malized characteristic adinittance values
(C and Y) are presented [8] for aoubly ter-
minated Chebyshev filters of the form shuwn
in Fig. 1. The tables were obtained by syn-
thesis starting from the low-pass gain func-
tions {$]

tion loss functions which can be realized by a
petwork consisting of unit elements and
stubs. Horton and Wenzel [S], {7] have com-
pared the utility of unit elements with those
of stubs in the case of doubly terminated
filter networks, and have found that for
bandstop filters with wide stopbands, unit
elements are nearly as effective as stubs. By
incorporating the uait elements in the de-
sign, significantly steeper attenuation char-
acteristics can be obtained for the same
number of stubs than is possible for filters
designed with redundant unit elements.
Also, a specified flter characteristic can be
obtained in a more compact configuration if
the network is designed by the optimum
method.

To tllustrate the advantages of the opti-
mum design approach, the attenuation
characteristic of an optimum 0.1-dB ripple
five-stub bandstop filter of 120 percent band-
width is compared in Fig. 2 with a five-stub
redundant unit-element design. If it is re-
quired that the 120 percent bandwidth 0.1-
dB ripple bandstop filter be designed with a
constraint that the 30-dB bandwidth be
greater than 100 percent, then a filter with
but five stubs (and four unit elements) is
sufficent if the optimum design is used. If
the redundant method is used, then at least
eight stubs (and seven unit elements) would
be required, and the stripline filter would be
almost double in length.

€ |-
T .
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/ v
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where

S =0 =jtan(xf/2fs), the Richards’ trans-
form variable

[ is real frequency

fo is the frequency for which the lines are

- aquarter wave-length long

Sem 0 =jtan(xf,/2fs) is the prototype
cutoff frequency

= (1071 — 1)¥2 s the ripple factor

r = passhand ripple valve in dB

m is the number of stubs

T. and U, are the Chebyshev poly-
nomials of the first and second kind,
respectively.

Althongh the synthesis can be accom-
plished using conventional techniques in the
S variable of (1), the synthesis was actually
performed in the transformed varable
W= T—5%73? described in Horton and
Wenze! {5] using techniques similar to those
presented in Bingham [9). The transformed
variable was used to afleviate a computer
numerical accuracy problem for Glters with
many sections.

In computing element values, the S,
parameter of (1) was chosen to give the de-
sired percentage bandwidth by the relation

S = j@, = jtan {(2 — X)=/4}

ot

1

[-----W '.
Fig. 1. lllcwun beadstop Nm mwwh. (a) “3-
prototype setwork, {c) St

m

brototyps k. (®) Transmission line
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Miecrowave Properties of Slabs of Uniformly
Magnetized Material Filling the Cross
Section of a Rectangular Waveguide
Operating in TEx, Modes

KEVIN C. O'BRIEN, MEMBER, IEEE

Abstrect—The microwave properties of a slab of uniformly
magnetized material filling the cross section of an infinite, lossiess
rectangular waveguide operating only in TEvo modes are discussed
analytically. The material is assumed to have a scalar permittivity
and a permeability describable by a tensor of the Polder form. A dc
magnetic tield is applied normal to the broad wall of the waveguide.
Two cases are treated in detail. 1) The slab is placed against a metal
shorting wall. 2) The slab is ;laced with empt waveguide on each
side. A general analytical solution is obtaine( for both cases. Nu-
merical values are _omputed for MnF:, an easy-axis antiferromagnet.
she computed values for the second are compared with values
calculated on the basis of a plane-wave approximation and with

experimental data. Applications of the technique to experimental
measurements are described.

I. INTRODUCTION

XPERIMENTAL measurements of the micro-
E wave properties of magnetic materials have
usually been analyzed by means of some electro-
dynamic approximation to the actual experimental
situation. For example, the waveguide modes may be
approximated by plane waves or the effect of the sample
may be treated as a perturbation on the usual wave-
guide modes [1], {2]. Although such approximations
are generally adequate to describe the qualitative
aspects of the experimental data, good quantitative
agreement between theory and experiment is difficult
to obtain. There are, however, some experimentally
practical situations which can be analyzed exactly
[3}-[6]). Two such situations will be discussed here.
Consider first the general problem of a slab of mate-
rial filling the cross section of a rectangular waveguide
as diagramed in Fig. 1(a). The following conditions
are assumed: the waveguide is lossless and has a rec-
tangular cross section with width twice its height; the
slab is plane-parallel and completely fills the waveguide
cross section; the material has scalar permittivity and
tensor permeability of the Polder [3] form; the material
is uniformly magnetized by a dc magnetic field applied
normal to the broad wall of the waveguide; all waves

Manuscript received October 8, 1969; revised January 12, 1970,
This work was supported by NASA Grant NGR 40-002-042,

The author was wiih .ue Physics Department, Brown Univensity,
Prc “"nce, R, I. He is now with Bell Tzlephone Laboratories,
Whippany, N. J. 07981,
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consist only of TEyo modes, that is, the RF electric
fields have components ouly along the direction of the
applied field (tlie y direction) and the RF magnetic
£ -lds have no y components.

The problem of magnetic material in waveguides has
a long and complex history. No attempt will be made
here to review that history since it is well covered in 1)
and [2]. References [3]-[16] cover some of the high-
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lights. As early as 1953 [4], [5], the waveguide modes in
transversely magnetized ntedia were known. The math-
emr atir al complexities associated with the air-magnetic
material interface have hindered progress [13]. As will
be seen, the approach used here is somewhat different,
although straightforward, from that used by many
previous authors. (See [6] however.) It is hoped that
this technique can be extended to other related prob-
lems.

1t would be worthwhile to consider briefly the prob-
iem of the semi-infinitcly filled waveguide [17] [Fig.
1(b)]. The incident wave called I breaks up into waves
R and F, the reflected and transmitted waves. The
soundary condition:s are the usual ones—the tangential
electric and magnetic fields are continuous across the
boundaiy. In order to satisfy these boundary conditions
(because of the form of the modes in the magnetic
material) even if the incident wave is purely TE;,,
waves R and F must be assumed to consist of all TExo
modes.! Thus, R and F must be represented as sums of
an infinite number of TEy, modes of the form appro-
priate to the medium in question. This factor makes the
solutior: of this problem enormously more difficult than
the equivalent problem for scalar media. It becomes
clear, however, once the calculations are complete, that
although the higher order modes are mathematically
significaat (that is, there is no mathematical conver-
gence of the series of modes), they do not appreciably
affect the numerical values of the solution. Numerical
results show that only a few higher order modes need be
considered for good accuracy. It is physically reasonable
to expect that since the modes of very high order are far
beyond cutoff, they can have little physical effect.

It is not necessary to consider higher order modes at
a boundary between a magnetic material and a aun-
magnetic metal because the boundary conditicns are
only on the electric field.

Two experimentally practical arrangements will be
tieated ii de* 'i. 1) In Fig. 1(c), region 1 is empty and
3 is filled -._.h a nonmagnetic perfect conductor. 2) In
Fig. 1(d), both regions 1 and 3 are empty. A third
problem of interest is that in whick regions 1 and 3 are
both filled with a perfect conductor. This problem of a
filied rectangular cavity has Leen treated by several
authors [18], {19). The problem of a slab of magnetic
m: terial partially flling a cavity has not been solved
coinpletely.

1i. THE WAVEGUIDE Mobks

The 'Exo modes in a lossless rectangular waveguide
co pletely filled with transversely magnetized material

in be written as follows.? (The A,’s do not enter into
the solution and are thus not written down.)

m

e = A, sin uv exp (Fjyaz)

1 Sce Gurevich [t], p. 193 A,
* Ser Lurevich {1}, ch. 9.
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h* = (Fiyadasinne — E4, cosnr) exp (Fjyaz) (2)
v-here
v = ax/e
Ya?! & wlusepenr — (nx/c)?
$ = 1/wpepent
¢ = (x/0)(/u)¢
» = el + %)
et = [(1F 20— /(1 + 2
@ = broad dimension of the waveguide.
The permeability tensor has the Polder form
14+ x —j« 0
o= ull + ) = o 0 1 0 3
jx 0 14y

All fields are assumed to have an exp(jw¢f) time depen-
dencé. ’

III. SLAB AGAINST A METAL WaLL

The analysis of this problem is somewhat less com-
plicated than that of a slab with empty waveguide on
both sides and, therefore, will e discussed first. The
problem is diagramed in Fig. 1(c).

The applicable boundary conditions are

o +et=e"+¢° (4a)
b,’ + h;. = kg' + k‘a, 3 = — l (4b)
ef+e=0, 3=0. (4¢)

Since there are no boundary conditions on the h,'s, we
do not consider them here. For the sake of generality,
we shall assume that the incident wave I consists of all
TExo modes with known amplitudes I.. Use of (1) and
(2) along with similar expressions for the modes in
empty waveguide [20] leads to the 10llowing expressions
for the fields.

o = ? I sin my exp (—jBaz)

o= }; gnlm Sin mv exp (—jBas)

of = };, R, sin pv exp (+18,3)

k- — ).2 &sRy 5in pv exp (+8,3)

o = ; F, sin rv exp (—j,3) ¢
bt = — g F,(ty. sin ro + § cos rv) exp (=jv.2)
e = ? G, sin sv exp (+jv.2)

b2 = 3 Gy, sin 50 — § cos sv) exp (+7.5)
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where
B\ = wlnote — (nx/a)”
¥ = wlpotpuor — (nx/a)?
g = Bi/wue

The coefficients I,, R,, F.. and G; are the amplitudes of
the 1th mode of the wave described in Fig. 1(c). These
expressions for the fields are to be inserted into the
boundary conditions (4). It is convenient to introduce
the operator Q., such that

. Quf(r) = (2/x) J;'dvj(r) sin no,

©
which has the properties
Qusinmy = vam
Qucosno =0, n=m
= (/D1 = (=1)**"]um/(n* —m?), =« #(2

Moym.

Operation on the boundary condition equations (4)
with Q. yields three sets of linear equations in the un-
knowns R., F., and G, which are valid for all #.

L. exp (+8.0) — Ruexp (— jBul} = Foexp(+ jvad)

+ Guexp (= jrad)
— galaexp (+ jBu) — gaexp (— jBa))
= Fu(— tyaexp (+jva) — & 2._‘, M. Foexp (+jvd) (8b)

(8a)

+ Gubrsexp(— jyal) — & 2 M. Geexp (— jvd)

Fo+Ga = 0. (89

If (8¢) is used in (8a) and (8b), and if (8a) is then
added to (—1/g.) times (8b), use of the definition

Jut = exp (+ jnl) £ exp (= jvah) 9)
leads to the set of linear inhomogeneous equations

ZI.CKP (+jﬂ.l) = FJu- + {YIFJI+/KD

10
+ (¢/8) E M. FJ¢. o)
[ ]

This equation can be written in the form

Py = E XusF; (11)
where

Pym 21!!(‘\\/9 exp + ]ﬁul) . (‘2)
Xoj = Maid i+ 8(gs i + $vif ¥) /L. (13)

The P.’s represent components of a known input vector.
The elements of X,; are also kunown. If it is desired to
include the first L modes, then (11) represents a system
ot L linear inhomogeneous equations in the L unknown
amplitudes F;. The solution of this set of equations is

n

readily accomplished by means of the Gauss-Jordan
elimination technique [21] using a computer if values
Jor x aund « are available. The Gauss-Jordan technique
with “pivoting” is very effective when the matrices are
nearly singular. Once (11) has been inverted and values
for the Fj have beenr obtained, the cther required ampli-
tudes can be easily derived from (8a) and (8¢c). Such
solutions have been obtained and are discussed in de-
tail in the following.

IV. Sras 1x EMPTY WAVEGUIDE

This problem is solved in a manner very similar to
that in the previous section. The problem is diagramed
in Fig. 1(d). The waves may be represented in the same
manner as given in (3) with the addition of the trans-
mitted wave T,

f = Z T.sinfr exp (— jB¢2)
s

(14
T = — Y g T sintrexp(— j8u).
e
The boundary conditions are (4a) and (4b) plus
of =af +a (15)

h:’ =hz'+":o, g= 41

If we put the representations of the wave components
(5) and (14) into the boundary conditions (15) and
operate on all equations with Q. we obtain the following
equations.

Isexp (+ jBaD) -~ Ryexp (— jBal)

=7uexp (+ 1) + Gaexp (= jrad)  (16)
— gudaexp (+ jBJ) — gaRuexp (= jBaH) :
= — {ya[Fuexp (+ j1al) — Goexp (= jrad)] (17)

— £ My [Feexp(+ jréd) + Goesp (= jvd)]

T.exp (— jBu)) = Foexp (= jval) + Gaexp (+ fval) (18)
— tTaexp(~ jBu))
= — {valFaexp (= jyad) = Gaexp (+ jvad)]

-¢ Z M, [Foexp (= jvd) + Geexp (+j7J)]'

(19)

We now introduce the following quantities.

¢a W COS YWl

du = jsiny./

Hn = $Ya/ g

vom§/ £»

oa m (i + pu)/va

7o m (1 — ga)/va
Wa = 21, exp (+ jBal)/¥a

(20)



a

The coefficients R, and T, can be easily eliminated from
(16) through (19), by multiplying (17) and (19) by
(—1/g.) and adding and subtracting (16) and (17) and
(18) and (19). Then the four equadons, (16) through
(19), reduce to two sets of equations in the F,'s and G.’'s.

'Vu = ‘-(Flo'l + anl) + du(Fnan - anl)

2
+ Z Mac[‘c(Fc +G,) + d«(Fc et Gc)] @n
0= ‘-(F wTa + G-"-) - d-(F aTa — Gna-)
(22)
= X MueoFo+ G) — do(Fe — G)).
L §
Let
A. = F, '+ Ga
(23)
B- = F, [ad G..
Addition and subtraction of (21) and (22) yields
Wae= Yedo+2) M. 4,B, (24)
[ }
Wao = ZuBa + 22 Mg A, 25)
: °
where
. Yo= P!(l + X)“e"[c- + 7ud-/ﬂeﬂﬁn]
Z. = pa(1 + stait[dn + Yuca/petsBs] (26)

s = 28.a/x.

Again, if L modes are to be considered, (24) and (23)
constitute a set of 2L linear inhomogeneous equations
in the 2L unknowns A. and B,. Asin the previous case,
these equations can be solved by Gauss-Jordan reduc-
tion on a computer. The solutions for A, and B, yield
values for F, and G, via (23). These values for F, and
G. may be used in (16) and (18) to obtain R, and T,,
respectively. The computed results of such solutions are
discussed in the following.

V. RF SUSCEPTIBILITIES

Before numerical results can be obtained for either of
these cases, values of the RF susceptibilities must be
computed. Because some experimental data was avail-
able for comparison, the case of a two-sublattice easy-
axis antiferromagnet at zero temperature with easy-axis
aligned parallel to the applied dc magnetic field has been
used.

The derivation of the RF susceptibilities, including
loss, of a simple antiferromagnetic is well known, but
complicated, because of the interaction of the two sub-
lattices [23], [24]. The RF susceptibilities of an anti-
ferromagnet are basically similar to those of a ferro-
magnet. MnF, a well-studied antigerromagnet, is
employed.

Antiferromagnets, rather than ferrites, are treated
here for several reasons. Foremost is that the author was
studying antiferromagnetic resonance in MnF; when
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this problem was suggested. Thus, experimental data
was available. Antiferromagnets are not so well-studied
as ferrites, but are in many ways simpler to analyze
[22], [23] and at low temperatures, at least, have a
rather simple resonance which can be compared with the
theoretical calculations. Although similar calculations
and experiments on ferrites would be of real interest,
the author has been unable to undertake them. The
mathematical analysis is the same, except for suscepti-
bility calculations which may be more difficult for fer-
rites, :

V1. REesuLts

Use of these RF susceptibility values enables onc to
compute the actual microwave field amplitudes and
associated powers. In order to conform to the usual
experimental situation, we take the incident wave to be
purely TEy,.

For the case of a slab against a metal wall, we com-
pute the reflected power. For the slab in empty wave-
guide we compute the reflected, transmitted, and ab-
sorbed powers. Fig. 2 shows the power reflected from a
slab of antiferromagnetic MnF, against a metal wallasa
function of applied field in the vicinity of the resonance.
Fig. 3 shows the reflected, transmitted, and absorbed
powers for a slab in open waveguide conipuied for an
antiferromagnet.

Analysis of these theoretical results shows that if the
incident wave is purely TEy, only the first few higher
order modes need be considered. Calculations including
four modes gave essentially the same results as calcula-
tions including ten modes. Analysis shows further that
the mode content of the incident wave does not signifi-
cantly affect the relative amounts of energy reflected
and transmitted. The mode content does, of course,
change.

In order to check on the usefulness of this rather in-
volved analysis, a calculation based on a plane-wave
approximation to the problem of a slab in empty wave-
guide was performed.? In Fig. 4, experimental measure-
ments of the energy transmitted through a slab of anti-
ferromagnetic MnF; [25] are compared with both the
exact solution treated previously and with the plane-
wave approximation. Both theoretical curves were fitted
to the experimental data with the use of only one adjust-
able parameter, the resonance linewidth. The magnitude
of the drop in transmitted energy as the sample passes
through resonance is not adjusted. The same values for
x and x were used in both calculations. Fig. 4 shows
clearly that the results of the calculation presented in
this paper are in much closer agreement with experi-
mental data than are the results of the plane-wave
approximation.

The experimental data shown in Fig. 4 was taken with
longitudinal magnetization. It has been found that the
theoretical calculation presented here fits experimental

¥ See Gurevich (1], ch. 7.
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data on thin MnF: slabs equally well for both longitu-
dinal and transverse magnetizations. Due to the fact
that the modes in the sample are quite different for the
two cases [1), this is rather surprising and no satisfac-
tory explanation has been offered. A clue to the resolu-
tion of this issue is that the computed amplitudes of
the higher order modes generated at the interface are
very small for MnF.. Further, the fact thut the samples
were very thin should mitigate the effect of any other
types of modes. The solution to the same problem for
longitudinal magnetization is forbiddingly difficult and
has not been attempted.

Gagné [24] and others have discussed the existence
of surface modes which might propagate through cracks
left between the sample and the waveguide wall. In
these experiments care, but not special care, was taken
to insure a good fit. The fact that the theoretical results
fit experimental data rather well without assuming the
existence of crack modes may be in conflict with Gagné's
result. On the other hand, his measuremeuts were on
ferrites which have much higher permeabilities than
antiferromagnets and his samples had an electrical
thickness of roughly one wavelength, rather than one-
tenth wavelength used here. Extension of my calcula-
tions and experiments [25] to thick samples (greater
than one-half wavelength) shows-that very complicated
dimersional resonances ocrir in thick samples, even
without assuming the existence of crack modes. This
work then, neither confirms nor denies such modes.

In order to justify the technique presented here, some
comments should be made on mathematical difficilties.
Discussions of the air-ferrite interface by Mittra and
Lee [26] and their references are relevant here because
the permeability tensor and, thus, the waveguide modes
are the same for an antiferromagnet as for a ferrite.

Mittrr and Lee actually ‘reat a substantially different
problem in that they invoke a quasi-static approxima-
tion and do not include losses. The solut’ ,as presented
here are exact. Only in the numerical analysis are ap-
proximations used where the coefficient matrix is trun-
cated at finite order. Nonetheless, it is useful to con-
sider possible homogeneous solutions to (10) or (24) and
(25). The antisymmetric matrix formed by the M, 441
increases without bound as n increases. Further, if the
matiix is truncated for L odd, it is s.agular. It is con-
venient to look at the semi-infinite case [17]. The equa-
tion corresponding to (10), (24), and (25) is

2ade = £ 2 [Mae+ (ge+ $700/EIT.  (27)

where the T, are the transmitted amplitudes. If the I,
are all zero, a nontrivial solution will exist for the T,
only if the coefficient determinant is zero. As an ex-
ample, consider the case L=1. Equation (27) then be-.
comes (all I,'s are zero)

Ti(gr + ty)/k = 0.
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tf T is to be zero, we must have

which means either 1) £—» or 2) gy +{v:=0.
Case I:

§ = (z/0;(/n) [u/wuoOl’ — «¥)]

£~”’_.’—-» o, (28a)
Case 2:
ntin=0
[wlnse — (nx/a}?] !/ "wpo (28b)

+ [wiuotres — (nx/aD])"*/wpoers = 0.

If loss is not included in p and «, they are both real and
it is clear that either (28a) or (28b) might hold. On the
other hand, simple manipulation of (28a) and (28b) for
.complex pu and x shows that neither condition can hold.
Similar analysis for larger values of L shows that no
homogeneous solutions are possible so long as u and x
are complex. The inclusion of loss then actually simpli-
fies the problem, as well as introducing more physical
significance.

It is important to emphasize that the electrodynamic
analyses presented here are valid for any material with
the assumed properties. This fact is useful because sus-
ceptibility calculations based on any model can be
directly compared with experimental resultc, -*nce the
analysis is independent of the model used for suscepti-
bility cdlculations. Exact solutions typically allow ex-
perimental data to be fitted to theory, not only with
more accuracy, but often with fewer adjustable param-
eters. For example, Fig. 4 shows that the plane-wave
solution gives the position and shape of the resonance
rather well but tells little about the magnitude of the
effects. The waveguide solution, however, also gives the
magnitude. Typically, the susceptibilities of the mate-
rial depend on several parameters which may require
several different experiments or often different types of
experiments to determine. If one experimental measure-
ment can yield additional information about these
parameters—even only one additional value—an entire
experiment might be avoided. The work involved in this
rather complex theoretical analysis would often be
much less than that involved in such an experiment.

In the past, many measurements of the microwave
properties of magnetic materials have been made on
very smail samples in microwave cavities because per-
turbation theory calculations work fairly well for that
case. The availability of these exact solutions for
samples in a waveguide now offers the experimentalist
the alternative of n.. king measurements on relatively
large samples in standard waveguide, and thus, avoiding
the experimental ditficulties associated with very small
samples and microwave cavities. Measurement of phase
shift and absorption can be made much more quickly
and easily by waveguide transmisston or reflection tech-
niques than by means of incasuring changes in cavity Q
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and resonant frequency. Experimental data can be
matched to specific values of the RI susceptibilities
through the medium of a curve fitiing computer pro-
gram based on the calculations described previously.
Such values of the susceptibilities would be useful in
many device design calculations. This approach to the
measurement of microwave properties of magnetic
materials should be especially useful for studies of fre-
quency dependence and for measurements at milli-
meter wavelengths.
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